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Objective. To evaluate effects of graded intestinal hypoperfusion and reperfusion on intestinal metabolic parameters as
assessed by a modified continuous saline tonometry technique.
Materials. Twelve barbiturate-anaesthetized female pigs.
Methods. Measurements were performed prior to and during three predefined levels of superior mesenteric mean arterial
blood pressure (PSMA 70, 50 and 30 mmHg, respectively, each 80 min long), obtained by an adjustable clamp around the
origin of the superior mesenteric artery, and during reperfusion. We continuously measured jejunal mucosal perfusion (laser
Doppler flowmetry), jejunal tissue oxygen tension (PO2 TISSUE; microoximetry) and intramucosal PCO2 (continuous saline
tonometry) and calculated net intestinal lactate production, mesenteric oxygenation, PCO2 gap (jejunal mucosal PCO2 2
arterial PCO2) and pHi.
Results. At PSMA 70 and 50 mmHg mesenteric oxygen uptake and net lactate production remained unaltered, in spite of
decreased oxygen delivery. At these PSMA levels PCO2 gap increased, while pHi and PO2 TISSUE decreased. At PSMA
30 mmHg pronounced increases in PCO2 gap and mesenteric net lactate production as well as marked decreases in
PO2 TISSUE and pHi were demonstrated. Data indicate absence of anaerobic conditions at an intestinal perfusion pressure
(IPP) > 41 mmHg, a pHi > 7.22 or PCO2 gap < 15.8 mmHg.
Conclusions. Continuous saline tonometry detected intestinal ischemia as induced by graded reductions in IPP. A
threshold could be defined above which intestinal ischemia does not occur.
Key Words: Intramucosal ischemia; Continuous saline tonometry; pHi; Tissue oxygen tension; Tissue oxygenation; Pig.
Introduction
Reductions in gut perfusion may induce ischemia due
to an imbalance between intestinal oxygen delivery
and demand. Under normal conditions, the counter-
current arrangement of capillaries in mucosal villi
produces a low oxygen tension at the tip that makes
the intestinal mucosa particularly susceptible to
ischemia.1 Consequently, even minor decreases in
intestinal blood flow may cause ischemia and lead to
increased gastrointestinal mucosal permeability.2 The
role of these events in the development of systemic
inflammatory response syndrome and multiple organ
failure has been emphasised in several studies.3,4
Tissue hypoxia occurs during systemic circulatory
failure and shock. However, mesenteric tissue hypoxia
can be present in patients who seem to be adequately
resuscitated, or are without signs of circulatory shock
as far as systemic hemodynamic parameters are
concerned.5 Such regional hypoxia is not easily
diagnosed, and the success of interventions to increase
tissue oxygenation is difficult to evaluate.6 Assessment
of regional tissue oxygenation and perfusion in clinical
practice is usually based on indirect indicators,
including traditional systemic hemodynamic indices,
evaluation of mixed venous oxygen saturation and
lactate levels in the systemic circulation. These
conventional hemodynamic and oxygen-derived vari-
ables are, however, insensitive to detect intestinal
hypoxia and may remain normal in states of early
compensated circulatory failure.7 Assessment of gas-
trointestinal intramucosal pH (pHi) and PCO2 by
saline or air tonometry have so far been the only
clinically feasible methods for detection of inadequate
intestinal tissue perfusion.8 – 10 These methods allow
intermittent determinations of pHi and PCO2, but the
frequency of measurements is limited by the required
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time for equilibration and laboratory analysis of the
aspirated saline or air. These drawbacks of conven-
tional tonometry led us to develop and validate a
continuous saline tonometry technique for detection of
mucosal ischemia. This method was found to be useful
for detection of intestinal ischemia, considering an in
vitro rise time of 112 min.11 – 13 This relatively long rise
time is one obvious limitation of continuous saline
tonometry, and we have therefore improved this
method. In this experimental study, the previously
used system12,13 was modified and improved in
several aspects after in vitro testing. The aims of this
study were; first to evaluate effects of graded intestinal
hypoperfusion and reperfusion on intestinal metabolic
parameters as assessed by a modified continuous
saline tonometry technique in comparison with other
methods for detection of alterations in mesenteric
circulation and oxygenation. Secondly, to define a level
of IPP, pHi and PCO2 gap (jejunal mucosal PCO2 2
arterial PCO2) above which mucosal ischemia does not
occur. To this end, a previously described porcine
model was used, in which IPP could be controlled by
an adjustable clamp around the superior mesenteric
artery.14 – 17
Material and Methods
Animals
Twelve Swedish domestic female pigs, with a mean
weight of 33.4 ^ 1.3 kg, were used with approval of
the University Animal Experiment Ethics Committee.
All procedures were carried out according to the
guidelines of the National Institute of Health Guide for
the care and use of laboratory animals (7th ed. 1996).
Anaesthesia
Animals were fasted overnight with free access to
water. After intramuscular premedication with
ketamine (Ketalar, Parke-Davis, USA) 12 mg kg21,
azaperon (Stresnil, Janssen-Cilag, Belgium)
2 mg kg21 and atropine (Atropin NM Pharma, NM
Pharma AB, Sweden) 0.05 mg kg21, anaesthesia
was induced by sodium pentobarbital (Mebumal,
Apoteksbolaget, Sweden) 15 mg kg21 followed by an
infusion at 15–20 mg kg21 h21 i.v., with the addition
of isoflurane (Forene, Abbott, USA) during surgical
procedures. No muscle relaxants were used. After
tracheostomy, mechanical ventilation with oxygen in
air (25–30% O2) was performed using a volume-cycled
ventilator (model 900B, Siemens-Elema, Germany),
with a minute-ventilation of 7 L min21 at a frequency
of 20 breaths per minute. Ventilation was initially
adjusted to normocapnia (i.e. 4.5–5.5 kPa) as judged
by end-tidal CO2 levels (Normocap, Datex, Finland)
and intermittent arterial blood gas analyses (ABL-5
autoanalyzer, Radiometer, Denmark) and was then
kept constant throughout the experiments. Oxygen
saturation was analyzed by a hemoglobin oximeter,
using the animal mode for pig haemoglobin (OSM-3
hemoximeter, Radiometer, Denmark). All blood gas
data were within the normal range for the pig.18 Blood
samples for lactate concentration were analyzed by an
automated analyzer (YSI Sport 2300 Stat Plus; Yellow
Springs Instruments, Inc., USA). End-tidal concen-
trations of O2, CO2 and isoflurane were measured
continuously by a gas analyzer (Artema, Artema
Medical AB, Sweden) with the sampling site at the
proximal end of the endotracheal tube. All animals
received i.v. infusion of Ringer’s acetate (Ringer-
acetat, Pharmacia-UpJohn, Sweden) 600 ml as a bolus
followed by 20 ml kg21 h21 throughout the experi-
ment. Core temperature was kept between 37–39 8C
using heating blankets. Urine outflow was diverted
through a cystostomy catheter and assessed hourly.
A three lead ECG was used for monitoring of heart
rate (HR).
Hemodynamic measurements
A schematic illustration of the experimental set up is
depicted in Fig. 1. All intravascular catheters were
inserted via cutdowns to the appropriate vessels. The
carotid artery and the external jugular vein were
Fig. 1. A schematic illustration of the experimental set up.
PAORTA denotes aortic blood pressure; SMA, superior
mesenteric artery; PSMA, superior mesenteric mean arterial
pressure; LDF, laser Doppler flowmetry; PMES, superior
mesenteric venous pressure; QMES, superior mesenteric
venous blood flow and PO2 TISSUE denotes jejunal tissue
oxygen tension.
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exposed through a right-sided neck dissection.
Systemic arterial pressure (MAP) was monitored
continuously by a fluid-filled catheter with its tip in
the proximal aorta. A flow directed, thermistor-tipped
pulmonary artery catheter (7F, Swan-Ganz catheter,
Baxter Medical, Sweden) was inserted via the right
external jugular vein and advanced into a distal
branch of the pulmonary artery for measurements of
cardiac output (CO) and core body temperature. CO
was measured by the antegrade thermodilution
technique (WTI, Wetenschappelijk Technische Insti-
tuut, the Netherlands) at end-expiration with 5 ml of
iced 0.9% saline as indicator. CO data are presented as
means of three consecutive measurements within
2 min, not differing .10%. For continuous measure-
ments of central venous pressure (CVP) and for
administration of fluids and drugs, a triple lumen
central venous catheter (9.0F, Cook Critical Care, USA)
was inserted via the left external jugular vein. All
catheters were flushed continuously with heparinized
(Heparin, Pharmacia-UpJohn, Sweden) physiologic
saline solution at 10 I.E. ml21.
Abdominal instrumentation and measurements
An upper mid-line laparotomy was performed with
the animal in the supine position. The central part of
the superior mesenteric artery was dissected and an
adjustable clamp for controlling PSMA was attached
around this vessel near the aortic origin. The portal,
splenic and superior mesenteric veins were dissected
on the medial side of the duodenum. A transit-time
ultrasonic flowmetry probe (type 8SB, Transonic
Systems Inc., NY, USA) was applied around the
superior mesenteric vein for continuous measure-
ments of superior mesenteric venous blood flow
(QMES, Transonic
w T206D, Transonic Systems Inc.,
NY, USA). A polyethylene catheter (outer diameter
1.2 mm) was inserted into the superior mesenteric vein
via a small contributory pancreatic venous branch for
pressure measurement (PMES) and blood sampling.
The superior mesenteric artery was directly punctured
and a polyethylene catheter with an outer diameter of
0.96 mm was placed downstream to the adjustable
clamp for continuous blood pressure measurements
(PSMA).
Laser Doppler flowmetry and microoximetry
Jejunal mucosal perfusion was continuously measured
using laser Doppler flowmetry (LDF) with a specially
designed catheter (probe 415-134, Perimed AB,
Sweden). The catheter was inserted intraluminally
through a small antimesenteric incision 2 m proximal
to the ileocecal valve and advanced 0.15 m aborally
into the jejunum and secured by a purse-string suture.
The catheter had two laser Doppler optical fibres of
equal length, terminating at the tip and facing the
mucosa perpendicular to the axial line of the catheter.
Each fibre had a core diameter of 150 mm and a fibre
separation of 250 mm. The wavelength of the emitted
laser light was 780 nm and the Doppler shift frequency
was 20 kHz. The probe was connected to a base unit
(PeriFlux 4001 Masterw, Perimed AB, Sweden). Cali-
bration was performed according to the manufacturer
at 0 PU (perfusion units) on a plastic disc at optical
zero and at 250 PU using a motility standard provided
by the manufacturer. The laser Doppler signal was
considered adequate when no visible movement
artifacts were observed, when measurements of total
backscatter was adequate and when pulse waves and
respiratory fluctuations could be identified. Data are
presented from the most consistent optical fibre
recording.
Partial tissue O2 pressure (PO2 TISSUE) in the jejunal
wall was continuously measured by a tissue probe
(Licox CC 1.2) inserted 2.1 m orally to the ileocecal
valve. The probe was inserted from the serosal side
into the intestinal wall and connected to a Licox CMP
tissue oxygen pressure monitor (Gesellschaft fu¨r
Medizinische Sondentechnik, Germany). A tissue
temperature probe (Licox C 8.1) connected to the
Licox CMP tissue oxygen pressure monitor
(Gesellschaft fu¨r Medizinische Sondentechnik,
Germany) measured the temperature in the jejunal
wall.
All blood pressures, heart rate (HR) and blood
flows were continuously recorded using a 16-channel
recording system (Gould TA-5000, Gould Inc., OH,
USA), as well as a computer based multichannel signal
acquisition and analysis system (Acknowledgew III,
Biopac systems Inc., CA, USA). The Acknowledgew
software using a sampling frequency of 50 Hz con-
tinuously collected all signals. Data were extracted
from this system as mean values established during
registration sequences of 30 s.
Tonometry
A modified tonometry catheter for continuous saline
tonometry (TRIP, Sigmoid Catheter, Tonometrics Inc.,
MA, USA), inserted intraluminally through an anti-
mesenteric enterotomy measured partial pressure of
CO2 in the jejunal mucosa, 2.2 m oral to the ileocecal
valve. The tonometry catheter was connected to a
specially designed system for continuous measurement
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of intraluminal PCO2 in saline. This system was
originally described in previous reports11,12 (Fig. 2).
Briefly, a standard tonometric sigmoid catheter was
modified by adding one tube leading into the balloon
allowing the physiologic saline to be circulated in a
closed loop system with the aid of a pump. The PCO2
in the saline solution was continuously analyzed in a
measurement chamber by a standard transcutaneous
PCO2 sensor, connected to a TCM20 monitor (Radio-
meter Medical A/S, Denmark). The PCO2 sensor was
calibrated at the onset of the experiment and after 4 h,
by a gas mixture calibration standard (CO2 5%,
Radiometer Medical A/S, Denmark).
In this study, the previously used system12,13 was
modified and improved in several aspects after in vitro
testing. First, the total volume of saline in the closed
system was reduced from 10.5 to 7.5 ml. Second, the
measurement chamber was rebuilt and modified with
a fluid leak proof fitting of the PCO2 sensor, eliminat-
ing one silicone membrane that previously acted as a
seal between the circulating saline and the sensor.
Third, a separate measurement unit was constructed
and equipped with a laboratory pump. Fourth, a
thermostat set at 37 8C regulated the temperature in
the measurement chamber. The previously reported in
vitro rise time of 112 min was thereby reduced to
59 ^ 1 min (Fig. 3). The rise time is a technical term for
the increase between 10 and 90% of the maximal
response. Further, the improved continuous saline
tonometry equipment demonstrated a fast response to
changes in PCO2, shown by reaching 10% of the steady
state value within 3 min (Fig. 3).
Experimental protocol
The study protocol is depicted in Fig. 4. After
completed surgical preparation the isoflurane supply
was discontinued, and a stabilisation period of 80 min
during basal sodium pentobarbital anaesthesia was
allowed to elapse before measurements. The study
protocol comprised sets of measurements prior to
(control) and during graded reductions in superior
mesenteric mean arterial pressure (PSMA) to 70, 50 and
30 mmHg respectively, followed by a reperfusion
phase. The arterial clamp around the origin of the
superior mesenteric artery was adjusted to maintain a
constant mean PSMA. Each pressure level as well as the
reperfusion phase included a time frame of 80 min.
After 60 and 80 min at each perfusion pressure level,
hemodynamic recordings and blood sampling (from
the aorta and superior mesenteric vein) were
performed. Hemodynamic recordings included
assessment of continuously measured systemic hemo-
dynamic parameters (HR, MAP and CVP), intermit-
tent CO and continuously measured intestinal
hemodynamic and metabolic parameters (PMES,
PSMA, QMES, intramucosal PCO2, jejunal mucosal
Fig. 2. A schematic illustration of the continuous saline
tonometry equipment.
  
  
Fig. 3. In vitro equilibration of PCO2 in the modified
continuous saline tonometry equipment. The experiments
ðn ¼ 18Þ were performed by placing the tonometry ballon in
a container filled with 0.9% saline and a constant PCO2 of
16 kPa. PCO2 content in the circulating saline was continu-
ously recorded. The rise time i.e. the increase between 10 and
90% of the maximal response is indicated by vertical lines.
 
Fig. 4. Study protocol illustrating data collection time points.
0 ¼ Control point at a freely variable superior mesenteric
arterial pressure (PSMA) following a stabilisation period of
80 min, 80 ¼ 80 min at PSMA 70 mmHg, 160 ¼ 80 min at
PSMA 50 mmHg, 240 ¼ 80 min at PSMA 30 mmHg and 320 ¼
following an 80 min reperfusion period at freely variable
PSMA.
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blood flow and PO2 TISSUE). Blood samples for
analyses of lactate concentration were simultaneously
drawn from the aorta and the superior mesenteric vein
after 60 and 80 min at each perfusion pressure level.
The animals were killed during deepened sodium
pentobarbital anaesthesia by an i.v. bolus of potassium
chloride. The correct positions of all catheters were
then verified and flow probes were checked in situ for
zero blood flow recordings.
Calculations
Systemic vascular resistance (SVR) ¼ (MAP 2
CVP)CO21.
Intestinal tissue perfusion pressure (IPP) ¼ PSMA 2
PMES.
Mesenteric vascular resistance (RMES) ¼ (PSMA 2
PMES)QMES
21 .
Systemic arterial oxygen content (CaO2) ¼ Hb
(g L21)arterial oxygen saturation (SaO2)1.39 þ 0.031
PaO2 (dissolved O2).
Superior mesenteric venous oxygen content
(CvO2) ¼ Hb (g L21)mesenteric venous oxygen satur-
ation (SpO2)1.39 þ 0.031PvO2 (dissolved O2).
Mesenteric oxygen delivery (DO2) ¼ (CaO2)QMES.
Mesenteric oxygen uptake (VO2) ¼ (CaO2 2
CvO2)QMES.
Mesenteric tissue oxygen extraction ratio (O2
extraction) ¼ VO2/DO2 £ 100.
Mesenteric lactate flux (Lactate Flux) ¼ (Mesenteric
venous 2 arterial lactate concentration)QMES.
PCO2 gap ¼ jejunal mucosal PCO2 (Pr CO2) 2
arterial PCO2.
pHi ¼ 6.1 þ log[HCO32], (arterial bicarbonate
concentration)/PCO2 corr (corrected value for
measured PrCO2 following 90 min equilibration).
Autoregulatory capacity GF ¼ 1 2 (dF/F/dP/P)
where P and F indicate the pressure and flow before
the change in pressure ðdPÞ and the resulting change in
flow ðdFÞ:
Gf-values .0 indicate the presence of intestinal
autoregulation, whereas negative Gf-values denote a
passive vascular response to changes in perfusion
pressure.19
Statistical analyses
All values are given as mean ^ SEM. Effects of graded
reductions in PSMA were analyzed by Friedman’s test.
Wilcoxons signed rank test was used to compare
values obtained at baseline (control) with values
obtained following 60 and 80 min at each perfusion
pressure level and with values obtained following 60
and 80 min reperfusion. A p , 0:05 was considered
significant. All statistical analyses were performed
with the SPSS software package (version 11.5; SPSS
Inc., Chicago IL, USA).
Results
Systemic hemodynamic data
Systemic hemodynamic parameters at control, during
graded reductions in PSMA and following reperfusion
are presented in Table 1. Reductions in PSMA to 70, 50
and 30 mmHg (corresponding to an IPP of 58 ^ 1,
41 ^ 1 and 20 ^ 1 mmHg, respectively) decreased
MAP and CO, while CVP, SVR and HR were not
significantly changed. Following reperfusion, MAP,
CO, SVR and HR decreased compared to control,
while CVP remained unaltered. However, we would
like to underscore that alterations in systemic hemo-
dynamic parameters are of less importance for the
interpretation of our main hypothesis, since we used a
controlled perfusion pressure model.
Regional and local hemodynamic data
Regional hemodynamic data refers to parameters
obtained by measurements across the mesenteric
vascular bed, while local hemodynamic data refers to
data obtained locally in the jejunum. A reduction of
PSMA from control to 70 mmHg induced no significant
changes in QMES, but decreased jejunal mucosal
perfusion and RMES. In comparison with control, a
further reduction in PSMA to 50 and 30 mmHg induced
decreases in QMES, jejunal mucosal perfusion and
RMES. Following reperfusion, QMES and jejunal
mucosal perfusion returned to control levels, while
RMES remained decreased in comparison with control
(Fig. 5).
Positive Gf-values indicating the presence of active
mesenteric vascular autoregulation were found at
perfusion pressure steps from PSMA 70 to 50 mmHg
(Gf ¼ 0.66) and from PSMA 50 to 30 mmHg (Gf ¼ 0.44)
indicating the presence of active vascular
autoregulation.
Regional and local metabolic data
At a PSMA of 70 mmHg
A reduction in PSMA to 70 mmHg induced no altera-
tions in mesenteric oxygen delivery (DO2), mesenteric
O2 extraction, mesenteric oxygen uptake (VO2) or
mesenteric net lactate flux (Figs. 6 and 7). As regards
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the local intestinal metabolism, the applied reduction
in PSMA decreased PO2 TISSUE and pHi, while PCO2
gap (mucosal PCO2 2 arterial PCO2) increased (Fig. 7).
At a PSMA of 50 mmHg
A reduction to this perfusion pressure level induced a
decrease in DO2, an increase in mesenteric O2
extraction, while VO2 and mesenteric lactate fluxes
were still not significantly altered in comparison with
control (Figs. 6 and 7). These changes were
accompanied by further deterioration in local meta-
bolic parameters as indicated by decreases in
PO2 TISSUE and in pHi, while PCO2 gap continued to
increase (Fig. 7).
At a PSMA of 30 mmHg
A further reduction in PSMA to 30 mmHg, induced a
further decrease in DO2, an additional increase in
mesenteric O2 extraction, but no significant alteration
in VO2 (Fig. 6). At this low perfusion pressure level, a
pronounced increase in mesenteric net lactate flux was
observed (Fig. 7). Local metabolic parameters demon-
strated marked decreases in PO2 TISSUE and in pHi,
while PCO2 gap increased (Fig. 7).
An interpretation of the relationship between PSMA
and mesenteric net lactate fluxes illustrates that
intestinal ischemia does not occur at a PSMA > 50
mmHg (corresponding to an IPP > 41 mmHg).
Further, aerobic intestinal metabolism is at hand
when PCO2 gap < 15.8 mmHg and the calculated
pHi > 7.22 (Fig. 7 and Table 1).
At reperfusion
Following reperfusion, regional oxygen transport
parameters (DO2, O2 extraction and VO2) and mesen-
teric net lactate fluxes returned to control level (Figs. 6
and 7). However, a significant elevation of lactate
fluxes was still observed, i.e. a comparison with zero
lactate production. In comparison with control, PCO2
gap remained increased and pHi remained decreased,
while PO2 TISSUE returned to baseline (Fig. 7).
Assessment of steady state at each perfusion pressure level
When comparing data at 60 min with data at 80 min at
each perfusion pressure level no further deterioration
was seen in RMES, QMES and jejunal mucosal perfusion
(data not shown). Data on regional and local metabolic
parameters are presented in Table 2. The were small
Table 1. Systemic hemodynamic parameters during control and graded reductions in superior mesenteric mean arterial pressure to
70 mmHg (P70), 50 mmHg (P50), 30 mmHg (P30) and reperfusion (R)
Control P70 P50 P30 R
HR (bpm) 115 ^ 4 111 ^ 4 109 ^ 4 112 ^ 7 101 ^ 4*
MAP (mmHg) 93 ^ 3 87 ^ 4* 82 ^ 4* 84 ^ 4* 69 ^ 3*
CO (L min21) 5.5 ^ 0.1 5.0 ^ 0.1* 4.6 ^ 0.2* 4.7 ^ 0.2* 4.4 ^ 0.3*
SVR (mmHg min L21) 16.1 ^ 0.6 16.7 ^ 0.7 16.9 ^ 0.7 16.9 ^ 0.7 15.0 ^ 0.7*
CVP (mmHg) 4.5 ^ 0.3 4.6 ^ 0.3 4.8 ^ 0.4 5.1 ^ 0.4 5.2 ^ 0.4
IPP (mmHg) 80 ^ 3 58 ^ 1* 41 ^ 1* 20 ^ 1* 52 ^ 4*
Data are presented as mean ^ SEM, n ¼ 12:
*Denotes a significant difference ðp , 0:05Þ vs. control. Abbreviations, see calculations.
Fig. 5. Superior mesenteric venous blood flow (QMES), jejunal mucosal perfusion and mesenteric vascular resistance (RMES)
during control (C), during graded reductions in superior mesenteric mean arterial pressure to 70 mmHg (P70), 50 mmHg
(P50), 30 mmHg (P30) and following reperfusion (R), n ¼ 12: Data are presented as mean ^ SEM. *Denotes a significant
difference ðp , 0:05Þ vs. control.
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Fig. 6. Mesenteric oxygen delivery (DO2), mesenteric oxygen extraction and mesenteric oxygen uptake (VO2) during control
(C), during graded reductions in superior mesenteric mean arterial pressure to 70 mmHg (P70), 50 mmHg (P50), 30 mmHg
(P30) and following reperfusion (R), n ¼ 12: Data are presented as mean ^ SEM. *Denotes a significant difference ðp , 0:05Þ
vs. control.
  
 
Fig. 7. Mesenteric net lactate fluxes, PCO2 gap (jejunal mucosal PCO2 2 arterial PCO2), pHi and PO2 TISSUE during control
(C), during graded reductions in superior mesenteric mean arterial pressure to 70 mmHg (P70), 50 mmHg (P50), 30 mmHg
(P30) and following reperfusion (R), n ¼ 12: Data are presented as mean ^ SEM. *Denotes a significant difference ðp , 0:05Þ
vs. control.
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but statistically significant changes in PCO2 gap and
pHi at PSMA 30 mmHg and at reperfusion.
Discussion
The present study demonstrates that stepwise
reductions in PSMA to 70 and 50 mmHg (correspond-
ing to an IPP of 58 and 41 mmHg, respectively)
maintained regional intestinal metabolism as indi-
cated by unaltered mesenteric VO2 and mesenteric net
lactate fluxes in spite of decreased mesenteric DO2.
However, local intestinal metabolic data demonstrated
increased PCO2 gap and decreased pHi and
PO2 TISSUE, indicative of a deficiency of nutritive
blood flow. These alterations are often referred to as
low flow hypercarbia. In this situation aerobic metab-
olism is maintained.20 Below this perfusion pressure
level (,41 mmHg) regional as well as local metabolic
parameters deteriorated. This was demonstrated by
pronounced increases in PCO2 gap, decreases in
PO2 TISSUE and pHi and increases in mesenteric net
lactate fluxes indicating anaerobic metabolism. Thus,
aerobic intestinal metabolism is at hand when
IPP > 41 mmHg, PCO2 gap < 15.8 mmHg and the
calculated pHi > 7.22 (Fig. 7).
In the present experimental set-up aerobic con-
ditions prevailed as long as the perfusion pressure was
maintained above 41 mmHg. However, lactate pro-
duction and anaerobic conditions were demonstrated
when IPP was reduced to 20 mmHg. Consequently,
anaerobic conditions are induced in the IPP interval
20–41 mmHg. This is in accordance with our recently
presented study defining the IPP level that leads to
mucosal hypoperfusion to 35 mmHg in pigs.21 There
are few studies defining threshold values for intestinal
ischemia in terms of IPP, but several reports have
evaluated the relation between reductions in
mesenteric blood flow, mesenteric oxygenation and
mesenteric lactate production. In a porcine model,
Heino and co-workers reported that signs of
splanchnic tissue hypoxia started to develop when
blood flow in the superior mesenteric artery (SMA)
was reduced by 70%.22 Recently, in a similar model,
Tenhunen and co-workers reported that blood flow
had to be reduced by 88% before gut luminal lactate
increased.23 Further, in perfused segments of the
human small intestine, a critical limit of oxygen
extraction occurred at a blood flow of 30 ml/min/
100 g.24
The main protective mechanisms against insuffi-
cient intestinal tissue oxygen perfusion are auto-
regulation, increased oxygen extraction and
redistribution of blood flow towards the mucosa. A
regional control of local blood flow, autoregulation, is
accomplished by regulating arteriolar tone in order to
meet the nutritional needs of the tissue. Auto-
regulatory mechanisms reflected by positive Gf-values
were demonstrated at the reduction of PSMA from 70 to
50 mmHg and from 50 to 30 mmHg. Gf-values
indicated that these mechanisms compensated more
efficiently at the PSMA reduction 70–50 mmHg than at
the PSMA reduction 50–30 mmHg.
19 Increased oxygen
extraction accomplished by capillary recruitment is of
great quantitative significance to maintain tissue
oxygen perfusion at a state of low blood flow. In our
study the oxygen extraction increased from 32% at
control to 46% at PSMA 30 mmHg (Fig. 6). The
increased oxygen extraction maintained a constant
oxygen uptake in spite of decreased oxygen delivery at
the incrementally reduced PSMA levels. Redistribution
of blood flow towards the mucosa aiming at preser-
ving nutritional blood flow at the tip of the intestinal
villi, could not be verified in the present study as
jejunal mucosal blood flow (LDF) decreased in parallel
with QMES during the incrementally reduced PSMA
levels. Tonometric measurement of splanchnic carbon
dioxide tension with saline-filled semipermeable
balloon catheters has been in use for two decades.25,
26 Intermittent saline tonometry is based on repeated
samplings after an equilibration period of 30–90 min.
The accuracy of this method is based on the assump-
tions that splanchnic intraluminal carbon dioxide
tension equals the mucosal carbon dioxide tension,
and that there is an equilibrium between carbon
dioxide tension in the balloon and in the intestinal
mucosa.27 This methodology also assumes that arterial
bicarbonate is a true reflection of gut mucosal cell
bicarbonate.27,28 Recently, the direct effect of altera-
tions of PaCO2 on pHi measurements has been
Table 2. Local and regional metabolic parameters at control and at
60 and 80 min during graded reductions in superior mesenteric
mean arterial pressure to 70 mmHg (P70), 50 mmHg (P50),
30 mmHg (P30) and reperfusion (R)
PO2 tissue
(mmHg)
PCO2 gap
(KPa)
pHi Lactate flux
(nmol/min)
Control 70.4 ^ 3.8 0.93 ^ 0.34 7.30 ^ 0.02 21.0 ^ 20.8
P70—60 min 62.3 ^ 2.1 1.58 ^ 0.47 7.26 ^ 0.03 26.5 ^ 17.1
P70—80 min 61.0 ^ 2.3 1.79 ^ 0.50 7.25 ^ 0.03 215.6 ^ 19.2
P50—60 min 55.3 ^ 3.1 1.94 ^ 0.53 7.24 ^ 0.03 4.8 ^ 13.9
P50—80 min 54.5 ^ 3.6 2.11 ^ 0.43 7.22 ^ 0.03 11.7 ^ 13.7
P30—60 min 27.7 ^ 3.8 4.35 ^ 0.99 7.12 ^ 0.04 113.7 ^ 31.0
P30—80 min 26.2 ^ 4.8 5.05 ^ 1.19* 7.09 ^ 0.04* 113.0 ^ 32.1
R—60 min 62.4 ^ 4.2 3.01 ^ 0.89 7.17 ^ 0.04 59.0 ^ 19.3
R—80 min 62.5 ^ 3.8 2.59 ^ 0.75* 7.19 ^ 0.04* 55.6 ^ 21.7
Data are presented as mean ^SEM, n ¼ 12:
*Denotes a significant difference ðp , 0:05Þ 60 vs. 80 min. Abbrevi-
ations, see calculations.
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emphasised, suggesting that mucosal CO2 levels
might be influenced by alterations in the ventilatory
pattern.29 Notwithstanding these limitations, several
authors have reported that gastric tonometry is useful
for early detection of gastrointestinal ischemic
hypoxia, by signalling hypoxia earlier than general
hemodynamic or systemic laboratory parameters
do.8,30,31Further, the calculated pHi has been reported
to be a useful prognostic marker in different clinical
settings.32
In the present study we used a modified and
improved version of our previously developed con-
tinuous saline tonometry equipment during graded
reductions in PSMA.
11 – 13 For the interpretation of the
stability and accuracy of our data at 80 min, we also
analysed data after 60 min. Our numerical pHi data at
60 and 80 min were nearly identical at each PSMA level,
although a statistical difference was demonstrated at
PSMA 30 mmHg and at reperfusion. The demonstrated
alterations between 60 and 80 min in pHi and PCO2
gap at PSMA 30 mmHg and at reperfusion might be
explained by either an incomplete in vivo equilibration
by our tonometer or more probably an altered mucosal
metabolism. The in vitro evaluation of our tonometer,
performed within a PCO2 range from normal to
ischemic values, indicate that the rise time of our
equipment is short enough for measuring a stable
value already after 60 min.
At each reduction of PSMA, pHi decreased in a
pattern nearly identical to that observed for PO2 TISSUE.
At a PSMA level of 50 mmHg (IPP of 41 mmHg) pHi
decreased to 7.22, but aerobic metabolism was present
as demonstrated by the absence of lactate production.
A further reduction of PSMA to 30 mmHg (IPP of
20 mmHg) decreased pHi to 7.10 and PO2 TISSUE to
26 mmHg after 80 min. At this IPP level anaerobic
metabolism was present as demonstrated by pro-
nounced lactate production. Consequently, anaerobic
conditions are induced in the pHi interval 7.10–7.22
corresponding to a PO2 TISSUE interval between 26 and
54 mmHg. This PO2 TISSUE interval is in line with our
previous report demonstrating an ischemic threshold
at 45 mmHg.24 A pHi level of 7.10 after 80 min at an
IPP of 20 mmHg seems reasonable compared to levels
presented in other reports. In a porcine model, we
have previously reported a pHi value of 7.05 as
measured by continuous saline tonometry and 6.9 as
measured by standard tonometry after 60 min of total
SMA occlusion.11 Further, Ljungdal and co-workers
measured a pHi of 6.76 in the pig small bowel after
60 min of total SMA occlusion and similar values were
reported by Boros and co-workers in dog small bowel
after 120 min of total SMA occlusion.33,34
After 80 min of reperfusion PO2 TISSUE had returned
to control level, but the intestinal metabolism was not
normalised as indicated by decreased pHi and
positive net lactate fluxes. The slow recovery of pHi
following reperfusion has previously been described
by others.35 – 37 Recently, pHi has been questioned as a
true marker of splanchnic perfusion, and some authors
claim that PCO2 gap is more appropriate.
38 The
rationale for this criticism of pHi is based on the
above described assumption that arterial bicarbonate
is a true reflection of gut mucosal cell bicarbonate, and
that pHi ignores the effects of systemic acid–base
status and that calculations are based on a cumber-
some formula.38 There are two different ways to
calculate PCO2 gap. One possibility is to calculate the
intestinal mucosal 2 arterial PCO2 gap, the other
possibility is to calculate the difference between
intestinal mucosal and end-tidal PCO2. In this
study, we have not found any difference between
intestinal mucosal 2 arterial PCO2 gap and intestinal
mucosal 2 endtidal PCO2 gap (data not shown). Our
present data indicate that both intestinal mucosal 2
arterial PCO2 gap and intestinal mucosal 2 end-tidal
PCO2 gap increased gradually at each reduction of
PSMA. We found a good agreement between alterations
in PCO2 gaps and calculated pHi, and we found no
advantage in using PCO2 gap.
To conclude, the modified and improved version of
our equipment for continuous saline tonometry was
found to be reliable for detection of intestinal ischemic
hypoxia as induced by graded reductions in intestinal
perfusion pressure. Further, aerobic intestinal
metabolism is at hand when IPP > 41 mmHg, PCO2
gap < 15.8 mmHg and the calculated pHi > 7.22. We
consider continuous saline tonometry an easy to use
and reliable equipment to detect mucosal ischemia.
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